Results
We analyzed 21 SWOG studies (11 good prognosis and 10 poor prognosis) comprising 5190 patients enrolled from 1987 to 2007. Trial patients were younger than nontrial patients (P < .001). In multivariable analysis, trial participation was not associated with improved overall survival for all 11 good-prognosis studies but was associated with better survival for nine of 10 poor-prognosis studies (P < .001). The impact of trial participation on overall survival endured for only 1 year.
Conclusions
Trial participation was associated with better survival in the first year after diagnosis, likely because of eligibility criteria that excluded higher comorbidity patients from trials. Similar survival patterns between trial and nontrial patients after the first year suggest that trial standard arm outcomes are generalizable over the long term and may improve confidence that trial treatment effects will translate to the real-world setting. Reducing eligibility criteria would improve access to clinical trials. Randomized cancer clinical trials represent a final step in evaluating the efficacy of new treatments. However, few adult cancer patients participate in trials (<3%) in the United States (1, 2) . Reasons for low rates of clinical trial participation are numerous (3) (4) (5) . Trials may not be available for patients willing to participate, or when they are available, patients are often excluded because they do not meet trial eligibility criteria (6) (7) (8) (9) .
Trial eligibility criteria must satisfy two opposing factors (10). They must be sufficiently narrow to establish a homogeneous sample, so the effect of treatment is roughly consistent across the cohort. Eligibility criteria that are too broad risk including patients for which the treatment is not optimal, which could mask the overall treatment effect. Eligibility should also be sufficiently broad that the results are generalizable. One possible difference between trial and nontrial patients is that trial eligibility criteria rule out poorprognosis patients with prior comorbid conditions. Yet if the trial cohort is otherwise representative of the general cancer population with respect to cancer histology and stage, any differences in survival induced by ruling out poor-prognosis patients may not endure over time.
Despite attempts by clinical trialists to establish equipoise between homogeneity and generalizability, clinical trials are sometimes criticized for sacrificing generalizability (11) . To assess generalizability in a systematic fashion, we evaluated whether presenting characteristics and survival outcomes for patients on the standard arms of a series of randomized phase III cancer clinical trials were representative of outcomes in patients receiving non-clinical trial treatment.
Methods
Cancer clinical trial data were from SWOG, a national clinical trials consortium sponsored by the National Cancer Institute. Nontrial data were from the Surveillance, Epidemiology, and End Results (SEER) cancer registry (12) .
We conducted an analysis of randomized phase III studies from the SWOG historical database over a 25-year period (1987-2011) . SWOG studies must have been published and must have had upfront randomization because studies with postregistration filtering of patients before receipt of standard treatment could not be reproduced using SEER. SWOG studies of recurrent disease were excluded (because SEER indexes reported case patients according to first diagnosis of a unique tumor type), as were studies with nonsurvival endpoints. Figure 1 shows how approximately two-thirds of candidate trials were excluded for these reasons.
To be included, data to replicate the essential primary site, histology, and stage specifications from the SWOG study must have been available in SEER. Staging criteria included both TNM staging and, where appropriate, surgical and nodal staging. Studies that relied on tumor characteristics not available in SEER were excluded. We excluded positive SWOG studies for which there was also a trend toward improved survival over time in the corresponding SEER population because the standard arms for these SWOG studies likely no longer reflected community standard care at study completion. Only subjects on the standard arm were included, and corresponding SEER patients must have had a diagnosis date during the SWOG study's enrollment period. Assuming the SWOG standard arm represented standard-of-care in the general cancer population during the study enrollment period, this allowed comparison between trial and nontrial patients with approximately similar treatments. The age limits specified in SWOG study eligibility were applied to the corresponding SEER datasets. Nearly all SWOG studies excluded patients with prior malignancies; for comparability, only SEER patients with first primaries were included.
Statistical Considerations
Comparisons between SWOG and SEER patients with respect to age (<65 years vs ≥65 years), sex, race (black vs white vs other), and stage were conducted across the panel of SWOG studies. For studies with more than one stage, stage was dichotomized into approximately equal groups to enable a consistent method of adjustment across the different studies. To test whether there was a global trend in stage or demographic rates across the panel of studies, the study-specific rates for both SEER and SWOG were converted to z scores (one for each study), and a one-sample t test was conducted on the difference in the z scores between SEER and SWOG.
For each study, Kaplan-Meier plots were generated to explore patterns of survival between SEER and SWOG patients, and Cox regression was used to estimate the hazard ratio and 95% confidence interval (CI) for the impact of trial participation, accounting for age, sex, race, stage, and year of enrollment (13, 14) . Studies were categorized as good (≥50%) vs poor (<50%) prognosis based on observed results using average 2-year Kaplan-Meier survival estimates.
To further explore differences in survival patterns, SWOG and, separately, SEER patients were combined by prognosis. To construct an equally weighted sample, 50 patients from each SWOG study and each corresponding SEER cohort were randomly selected. This process was averaged across 1000 repeat random samples. Kaplan-Meier plots and corresponding smoothed hazard functions (using Kernel-based methods) of the aggregate datasets were examined (15) (16) (17) .
Based on the patterns observed using smoothed hazard function analysis, we applied landmark survival analysis to assess survival patterns related to trial participation given survival of the patient for a certain duration.
The contributions of cause of death to survival patterns were also investigated. SEER codes cause of death according to the International Classification of Diseases, Tenth Edition. In SWOG, a death was deemed cancer related if it followed a documented cancer progression. SWOG rates were adjusted using cause-of-death data available for a subset of patients (see Supplementary Methods, available online).
Finally, we assessed the extent to which study factors determined variation in survival outcomes. We estimated components of variation of the factors by comparing the partial log-likelihoods from nested models. We took the average of both forward and backward nesting approaches, with factors rank-ordered for model inclusion according to their χ 2 statistic in a multivariable model.
All analyses were limited to survival in the first 5 years after diagnosis to emphasize outcomes related to cancer and its treatments. All statistical tests were two-sided.
results

Study Selection
Of 102 SWOG studies examined, 64 were initially excluded ( Figure 1) . Seventeen of the remaining 38 studies were excluded because of inadequate SEER data on essential tumor characteristics.
Study Profiles and Eligibility
Twenty-one studies (n = 21/38; 55%) met the specified study inclusion criteria (Table 1) . The study sample included both early-and late-stage cancers from many cancer types. A total of 5190 SWOG patients and 69 187 SEER patients from 1987 to 2007 were analyzed. Table 2 summarizes additional eligibility criteria from the SWOG study that do not specifically pertain to histology or tumor characteristics. Nearly all studies had prior systemic therapy exclusions and required adequate kidney, liver, and hematologic function. The majority of studies required no current evidence or history of cardiac dysfunction. Other common exclusion criteria included other serious medical conditions, diseases, or active infections, and low patient functional status. Most of the criteria in Table 2 could not be accounted for using SEER data.
The mean total number of eligibility criteria for a given study was 16.1, of which 9.8 (60%) were related to comorbidity or performance status. Figure 2 shows the difference between SEER and SWOG patients for each demographic and stage factor. The SEER cohort was consistently more likely to be older and, to a lesser degree, female, but there were no panel-wide trends in the proportion of patients with higher stage or black race. Figure 3 shows both unadjusted and multivariable (adjusted) hazard ratios comparing overall survival between SWOG and SEER cohorts in descending order of average 2-year survival. Eleven studies had average 2-year survival of 50% or greater (good prognosis) and 10 studies had 2-year survival of less than 50% (poor prognosis). For none of the good-prognosis studies did survival for SWOG patients statistically significantly differ from survival for SEER patients in multivariable analysis, whereas for nine of 10 poor prognosis studies, SWOG patients had statistically significantly lower risk of death (P < .001).
Demographic Factors and Stage
Overall Survival Comparisons Between SWOG and SEER
We found no evidence that the hazard ratios for trial participation differed over calendar time for either good-prognosis (P = .50) or poor-prognosis (P = .69) studies (see Supplementary Figure 1 , available online). Also, results did not substantively change when a covariable for Hispanic ethnicity was added to the multivariable models (see Supplementary Methods, available online).
Differences in Aggregate Survival Patterns Between SWOG and SEER Patients
Examination of the individual study-specific survival curves (see Supplementary Figure 2 , available online) indicated a frequent pattern of an early survival advantage for SWOG patients that waned over time for both good-and poor-prognosis cancers. Using aggregate data, we examined Kaplan-Meier plots of overall survival and corresponding smoothed hazard functions ( Figure 4 ). For both good-and poor-prognosis patients, the hazard function for SWOG patients was initially much lower than the hazard function for SEER patients. But, by year 1, the hazard functions for both SEER and SWOG patients no longer differed, suggesting that trial participation was associated with better survival only in the first year. Importantly, this analysis revealed a consistent association of trial participation and survival that was not evident in the individual survival analyses for good-prognosis studies, likely because of limited power in that setting.
Average Effect Accounting for the First-Year Survival Difference
For good-prognosis patients, the mean of the adjusted hazard ratios for overall survival comparing SWOG with SEER patients shown in Figure 3 was not statistically different from 1.0 (mean = 0.96; 95% CI = 0.92 to 1.01; P = .12). We analyzed the subset of patients who survived 1 year using landmark survival analysis. The results were similar (mean = 1.05; 95% CI = 0.96 to 1.14; P = .22). However, for poor-prognosis patients, the mean of the multivariable hazard ratios shown in Figure 3 was much less than 1.0 (mean = 0.74; 95% CI = 0.64 to 0.84; P < .001). Conditioning on 1-year survival, this difference was no longer evident (mean = 1.05; 95% CI = 0.95 to 1.15; P = .27), reinforcing the observation that the impact of trial participation endured for only about 1 year.
Analysis of Cancer-Specific and Non-Cancer-Specific Events
The proportion of patients experiencing cancer-related and noncancer-related deaths relative to the number of patients at risk was analyzed by year. Non-cancer-related deaths were lower in SWOG patients, although this difference was small and relatively stable across all 5 years of follow-up ( Figure 5 ). In contrast, cancer-related deaths were notably lower in the first year in SWOG patients but similar to SEER patients in later years. Therefore the difference in the patterns of death for trial vs nontrial patients between year 1 vs years 2 to 5 is largely attributable to different patterns of cancerrelated deaths.
Attributable Variation
In the non-sex-specific studies, disease and stage explained 92.2% of the relative variation in survival outcomes, followed by age (5.2%), trial participation (1.5%), race (0.6%), and sex (0.5%).
In the first year only, estimate of variation in survival outcomes attributable to disease and stage was 88.4% and to trial participation was 4.9%, compared with 92.7% and 1.2%, respectively, after 1 year. . Among these, 64 were excluded from further consideration, 33 because of early closure (of which 30 were closed early because of poor accrual, two were closed early because of changed relationship with the drug manufacturer, and one was a positive study based on progression-free survival), 12 were still active or recently closed, seven did not have upfront randomization, six had nonsurvival endpoints, and six were studies for recurrent disease. Of the 38 considered for comparison with Surveillance, Epidemiology, and End Results (SEER) registry data, 17 were excluded because SEER did not have essential staging criteria to replicate the SWOG study. In the end, 21 of 38 studies (55% of those considered for stage comparison) were identified. * Only the first two criteria listed (age and prior cancer) were explicitly accounted for in the Surveillance, Epidemiology, and End Results (SEER) registry. All other criteria could not be accounted for based on SEER data. Eligibility criteria that related to comorbidity or performance status included prior treatment exclusions, prior malignancy exclusions, performance status, organ function status, human immunodeficiency virus status, serious medical conditions, brain metastases, study drug allergy, and maximum age limit. Empty cells (cells with dashes) indicate the particular eligibility criterion was not included in the study protocol. AML = acute myeloid leukemia; B = biologic therapy; C = cardiac; Ch = chemotherapy; CURE = potentially curable; GI = gastrointestinal; GU = genitourinary; GYN = gynecologic; H = hematologic; HIV = human immunodeficiency virus; Hr = hormonal therapy; K = kidney; L = liver; LE = minimum life expectancy; LEUK = leukemia; LTFU = adequate health for long-term follow-up; NS = not specified; NSCLC = non-small cell lung cancer; P = pulmonary; PS = performance status; RT = radiation therapy; S = surgery; SCLC = small cell lung cancer; TX = treatment. † Typically requires no prior malignancy except adequately treated non-melanoma skin cancer, in situ cervical cancer, or other cancer for which the patient has been disease free for 5 or more years. ‡ Organ function criteria were based primarily on the following tests: for kidney, creatinine clearance and/or serum creatinine; for liver bilirubin, serum glutamic oxaloacetic transaminase and/or serum glutamic pyruvate transaminase; and for hematologic, white blood count and platelets. § Performance status is a measure of the patient's well-being and activity level. In SWOG, the coding scheme is: 0 = asymptomatic or fully active; 1 = symptomatic but completely ambulatory; 2 = symptomatic but in bed less than 50% of day; 3 = symptomatic, more than 50% of time in bed, but not bedbound; 4 = completely disabled or bedbound.
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Discussion
We found that trial participation was associated with better survival only in the first year. Short-term estimates of absolute survival probabilities from clinical trials may be optimistic (Figure 4) . Physicians who use clinical trial results to assist in making treatment decisions should be aware of this phenomenon. Better short-term survival for trial patients is likely related to the exclusion of sicker patients from trials through eligibility criteria pertaining to comorbidity and performance status. These exclusions also resulted in trial cohorts that were much younger and somewhat less likely to be female, consistent with prior reports (39, 40) . We did not explicitly assess whether the treatment effect in a clinical trial translates (ie, generalizes) to the broader cancer population. Such a study would require a comparison between experimental and standard arm treatments occurring in the general cancer population at the same time as the clinical trial is conducted. However, similar standard arm outcomes beyond the first year may improve confidence that efficacy of treatment in a trial translates to the real-world setting. This conclusion relies on the assumption that trial participation would impact standard and experimental treatment arms similarly and would not apply in instances where new treatments have too much toxicity or poor compliance. Importantly, we found no evidence that the association of trial participation and survival increased over calendar time, which might be expected if new treatments adopted into standard care do not show the same benefit as observed in the clinical trial. This suggests that most patients may also benefit from the new treatments, even if not participating in trials.
The most reliable way to establish the causal relationship between trial participation and outcome would be to randomize patients to be offered a clinical trial vs not offered a clinical trial (41) Such a study would be practically and ethically difficult. Instead, the literature is based on observational studies, which focus on presenting characteristics and absolute survival differences between trial and nontrial patients. Identification of the appropriate nontrial control group is crucial to inference because any observational design will be limited by unmeasured confounding, whether trial patients are compared with eligible nontrial control subjects (bias with respect to factors associated with refusing trial participation), ineligible control subjects (bias with respect to prognosis), or population control subjects (multiple biases) (41) . These studies most often focused on single trial vs nontrial comparisons, raising the issue of subjective study selection.
Both Peppercorn et al. (41) and Edwards et al. (42) reviewed the historical literature. Both found that a majority of comparisons from cancer studies showed evidence of better outcomes for trial patients, with no evidence of harm. Peppercorn et al. (41) concluded that there was no strong evidence of a benefit for trial patients, in part because of methodological issues with the nontrial comparator groups, whereas Edwards et al. (42) concluded that there was positive, albeit weak, evidence that participation in trials improves outcomes. Other reviews and studies also found mixed evidence (43) (44) (45) (46) .
The inconclusive picture offered by the literature could be related to the transient impact of trial participation on survival found in this study. We re-examined the cancer studies included in two prior reviews (41, 42) . Studies were categorized as good or poor prognosis as defined in this study. In total, there were 36 comparisons from 27 studies (see Table 3 ) Figure 3 . Forest plot of univariate and multivariable hazard ratios (HRs) for overall survival, by study, ordered in descending order of average 2-year overall survival. In univariate analyses, two of 11 (18%) good-prognosis studies and nine of 10 (90%) poor-prognosis studies showed evidence of a survival benefit for trial patients (P = .002 by Fisher exact test). In multivariable analyses, zero of 11 good-prognosis studies and nine of 10 poor-prognosis studies showed evidence of a survival benefit for trial patients (P < .001). AML = acute myeloid leukemia; NSCLC = non-small cell lung cancer; SCLC = small cell lung cancer. . Fifty-six percent of good-prognosis studies showed evidence of survival benefit for trial patients, compared with 82% of poor-prognosis studies, a pattern consistent with but not as extreme as the pattern found in this study. A similar pattern was found among comparisons that included multivariable analyses only (47, 49, (51) (52) (53) (54) (55) (56) (57) (58) (60) (61) (62) (67) (68) (69) (70) and adult cancers only (47) (48) (49) (50) (51) (52) (53) (54) (55) (56) (57) 60, 61, (64) (65) (66) 72, 73) .
We compared trial vs nontrial patients who were similar with respect to histology, stage, age, de novo presentation, year of diagnosis, race, sex, and treatment. What remained were differences between databases that we could not account for. Trial patients could benefit from changes in behavior or outlook associated with being under observation (the "Hawthorne" effect) (74) or from care that is administered according to strict protocol (75) . Alternatively, none of the eligibility criteria outlined in Table 2 , the majority of which pertain to performance status and comorbidities, could be accounted for. Therefore trial patients likely exhibit better outcomes because eligibility criteria prevent sicker patients from enrolling on study. These enrollment restrictions appear to primarily limit early cancer deaths, suggesting that comorbidity and performance status identify residual variation in cancer-specific survival even after accounting for stage. Unfortunately, the extent to which the survival differences were related to patient selection or other factors cannot be estimated with these data.
This study also had some limitations. We were unable to account for the actual treatments of the nontrial control patients. It is inevitable that not all nontrial patients in SEER received standard of care for their histology and stage and may have received no treatment. The use of different databases with different methods of data collection may induce different patterns of endpoint assessment, which could impact analyses of cancerspecific events in particular. Further, SEER patients have been shown to have, on average, higher socioeconomic status; thus SEER data are not precisely representative of the US cancer population (76, 77) . Because trial patients also tend to have higher socioeconomic status than the general cancer population (78) , these consistent biases might enable a more, rather than less, fair comparison between trial and nontrial patients with respect to survival. Unfortunately, socioeconomic status was not available for both databases. Moreover, the nature of SEER data, with respect to racial, ethnic, sociodemographic, and age distributions, has changed over time, which could impact analyses in unknown ways, although, importantly, we did not observe temporal trends toward greater or lesser generalizability over calendar time. In addition, these results may not apply to other clinical settings (ie, screening). Finally, some elements of this analysis were not prespecified, so a similar analysis in a different set of studies might reveal, in particular, a different duration of trial benefit than the 1-year effect found in this analysis.
This study also had particular strengths compared with prior studies. The approach of systematically examining an entire cooperative group phase III clinical trial database limited potential subjective selection of studies. It also provided a large panel of studies for comparison. Because these studies were from one cooperative group, other potential sources of variation (eg, data collection methods, payment methods, study designs) were implicitly controlled for. These advantages allowed us to aggregate data across studies and thus distinguish the different behaviors of the survival functions between trial and nontrial patients.
These results may serve as a stimulus to design randomized trials with less strict eligibility criteria (79) . We found that eligibility pertaining to comorbid conditions comprised approximately 60% of all criteria. Despite this, histology and stage were primarily determinative of survival outcomes, even in the first year when the influence of trial participation was strongest. Eligibility criteria in clinical trials are clearly required to maintain patient safety; however, consideration should be given to relaxing or eliminating criteria where possible. For instance, laboratory cutoff values may exclude patients who are otherwise clinically appropriate for trial treatment, or the exclusion of patients with prior cancer may be less meaningful in an era in which increasingly more patients are cancer survivors. One concern is that broader eligibility will introduce heterogeneity into the clinical trial cohort, which could reduce statistical power.
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Total deaths Cancer deaths Noncancer deaths Figure 5 . Total, cancer-specific, and non-cancer-specific deaths by year of follow-up by prognosis. For each of the first 5 years, the proportion of patients experiencing death of any kind, cancer-specific death, and noncancer-specific death relative to the number of patients at risk in each year is plotted for both SWOG and Surveillance, Epidemiology, and End Results (SEER) patients. Consistent with the Kaplan-Meier survival plots in Figure 4 , the total event rate is notably lower in SWOG patients in the first year. In years 2 to 5, in contrast, the proportions of total events in SWOG and SEER patients are more similar and are decreasing as the risk of death decreases. For both good-and poor-prognosis patients, the pattern of a relatively lower event rate for SWOG patients in year 1 is mostly reflective of a diminished rate of cancer-related deaths in year 1; although non-cancer-related deaths are also lower in SWOG patients, this difference was small and relatively stable across all 5 years of follow-up. Indeed, in good-prognosis patients, the unweighted ratio of the rate of SEER cancer deaths to SWOG cancer deaths was 1.60 in year 1 but was less than one (only 0.78) in years 2 to 5. For non-cancer-specific deaths, the ratios are very similar whether in year 1 (1.57) or years 2 to 5 (1.52), indicating the pattern change over time occurs in cancer-related deaths only. A similar pattern held for poor-prognosis cancers. In summary, the difference in the patterns of death for trial vs nontrial patients between year 1 vs. years 2 to 5 is largely attributable to different patterns of cancer deaths. 
